Proteins whose synthesis is enhanced by polyamines at the level of translation were identified in a polyamine-requiring mutant cultured in the presence of 0.1% glucose and 0.02% glutamate instead of 0.4% glucose as energy source. Under these conditions, enhancement of cell growth by polyamines was almost the same as that in the presence of 0.4% glucose. It was found that synthesis of RpoN, Cra and H-NS was enhanced by polyamines at the level of translation at the early logarithmic phase of growth (A 540 = 0.15).
(INTRODUCTION)
Polyamines (putrescine, spermidine and spermine) are present at millimolar concentrations in both prokaryotic and eukaryotic cells and play regulatory roles in cell growth (5, 14, 15) . Because polyamines interact with nucleic acids and exist mostly as polyamine-RNA complexes in cells (23, 33) , their proliferative effects are presumed to be caused by stimulation of nucleic acid and protein synthesis. We have previously studied whether the translation of a defined set of proteins is enhanced by polyamines using Escherichia coli MA261, a polyamine-requiring mutant. The strain MA261 is unable to synthesize putrescine, and cell growth slows down in the absence of exogenous putrescine (6) . When putrescine is added to the culture medium, it is taken up into cells (13) and spermidine is synthesized from putrescine, leading to the recovery of cell growth (6, 13) . Thus, these polyamine effects in a polyamine requiring mutant mimic the polyamine effects in normal cells which can synthesize putrescine. By comparing the protein expression pattern in MA261 cultured with or without putrescine, we found that polyamines increase the synthesis of several proteins at the level of translation (8, 12, (36) (37) (38) . These include OppA, a periplasmic substrate-binding protein of the oligopeptide uptake system (12) ; adenylate cyclase (Cya) (36); RpoS ( 38 ) sigma factor for
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on July 9, 2017 by guest http://jb.asm.org/ Downloaded from transcription of stationary-phase genes (37); FecI sigma factor ( 18 ), for transcription of the iron transport operon (38); Fis, a global regulator of transcription of some growth-related genes including those for rRNA and some tRNAs (38); and RF2, polypeptide releasing factor 2 (8). Taking all these observations together, we proposed that the genes whose expression is enhanced by polyamines at the level of translation can be classified as the "polyamine modulon" (38).
There appear to be several mechanisms underlying polyamine stimulation of the synthesis of various members of the polyamine modulon.
First, polyamine stimulation of protein synthesis can occur when a Shine-Dalgarno (SD) sequence in the mRNA is obscure or is distant from the initiation codon AUG. Polyamines cause structural changes of a region of the SD sequence and the initiation codon AUG of the mRNA, facilitating formation of the initiation complex. This is the case for OppA, FecI and Fis (38, 39).
Second, polyamines enhance the inefficient initiation codon UUG-dependent fMet-tRNA binding to cya mRNA-ribosomes (36). Third, polyamines stimulate readthrough of the amber codon UAG-dependent Gln-tRNA supE on ribosome-associated rpoS mRNA (37), or stimulate a +1 frameshift at the 26th UGA codon of prfB mRNA encoding RF2 (8). On the basis of these
on July 9, 2017 by guest http://jb.asm.org/ Downloaded from observations, we can predict that translation of some mRNAs with these characteristics can be enhanced by polyamines.
The polyamine modulon members have thus far been identified in E.
coli grown in minimal-0.4% glucose medium. Under these conditions, polyamines did not influence strongly the synthesis of RpoN ( 54 ) whose mRNA has unusual SD sequence. RpoN ( 54 ) is involved in the transcription of genes for the nitrogen metabolism (18, 22) . We expected that the pattern of genome expression may change depending on the culture conditions. In this study, we searched for new members of the polyamine modulon by changing nutritional conditions from 0.4% glucose to 0.1% glucose and 0.02% glutamate, and found that the rpoN, cra and hns genes are members of the polyamine modulon. (Nippon Gene). Site-directed mutagenesis for the construction of mutated fusion gene with modified SD sequences was performed by overlap extension using PCR (9). To make rpoN(SD)-lacZ fusion gene, first PCR was performed using total chromosomal DNA from E. coli W3110 as template, and P1 and 5'-GTTCAGCTCCGTACTGACGTGCTAAAACGT-3' (P3), and 5'-TTTAG-CACGTCAGTACGGAGCTGAACATGA-3' (P4) and P2 as primers. Then the second PCR was performed using the first PCR products as template and P1 and P2 as primers. Plasmid pMWrpoN(SD)-lacZ was prepared using the same method used for the construction of pMWrpoN-lacZ.
MATERIALS AND METHODS

Bacterial
To make the cra-lacZ fusion gene, PCR was performed using total chromosomal DNA as template, and 5'-AATACGGAAATATCCCGGGGGCAA-ATTATC-3' (P5) and 5'-GCACCACAGCCCCGGGTTTTTCAACGGTTT-3' (P6) as primers. The amplified cra gene (a 346 nucleotides 5'-upstream region and a 114 nucleotides of open reading frame) was digested with XmaI and inserted into the same restriction site of pMC1871 to make pMCcra(GTG)-lacZ fusion plasmid. For construction of pMWcra(GTG)-lacZ, the SalI fragment containing the cra(GTG)-lacZ gene was obtained from pMCcra(GTG)-lacZ fusion plasmid and then inserted into the same restriction site of pMW119.
Plasmid pMWcra(ATG)-lacZ was prepared as described above with site-directed
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on July 9, 2017 by guest http://jb.asm.org/ Downloaded from mutagenesis by overlap extension using PCR (9). First PCR was performed using P5 and P5(ATG) 5'-AGCGATTTCATCCAGTTTCATAATTGCCCC-3', and P6(ATG) 5'-ACGCAAGGGGCAATTATGAAACTGGATGAA-3' and P6
as primers.
To make hns-lacZ fusion gene, PCR was performed using total chromosomal DNA as template, and 5'-ATAGGGAATTCCCGGGAACAC- were harvested, resuspended in 1 ml of buffer A (10 mM sodium phosphate, at pH 7.4, 100 mM NaCl, 1% Triton X-100, and 0.1% SDS), and disrupted with a
French pressure cell at 20,000 p. s. i. The amount of radioactive RpoN was determined using whole cell lysate containing 1,000,000 cpm of
]methionine-labeled proteins and antiserum against RpoN as described previously (36). After SDS-PAGE, the radioactivity associated with RpoN was quantified using a BAS2000II imaging analyzer (Fuji Film).
Measurement of polyamine and cAMP content in whole cells.
Polyamines and cAMP in whole cells harvested at A 540 = 0.1, 0.15 or 0.2 were extracted by treatment of the cells with 10% trichloroacetic acid at 70 °C for 15 min with occasional shaking. Polyamine content was determined by high pressure liquid chromatography as described previously (11). The cAMP content in cells was measured using cAMP enzyme immunoassay system (GE Healthcare Bio-Sciences) after trichloroacetic acid was removed by ether.
Protein content was determined by the method of Bradford (4). We next examined the effect of polyamines on Cra synthesis. When E. 3A) . When the cells were cultured in the presence of 0.1% glucose and 0.02% glutamate and harvested at A 540 = 0.15, polyamines stimulated the synthesis of Cra by 2.1-fold (Fig. 3A) . The level of cra mRNA in cells cultured with or without 100 µg/ml putrescine was nearly equal (Fig. 3B) , suggesting that polyamines stimulate the synthesis of Cra at the level of translation. The Cra mRNA has a GUG initiation codon instead of AUG. This is similar to Cya mRNA, the translation of which is enhanced by polyamines (36). To determine whether the inefficient GUG codon is related to polyamine stimulation of Cya synthesis, the initiation codon GUG was replaced by AUG (Fig. 3C) , and the translation efficiency of cra-lacZ fusion mRNA was measured. Synthesis of Cra--gal fusion protein from the mRNA containing the GUG initiation codon was stimulated by polyamines 2.1-fold, whereas the polyamine stimulation was reduced to 1.3-fold after replacement with an AUG initiation codon even though the basal level of protein synthesis in the absence of polyamines was strongly enhanced (7.4-fold) (Fig. 3D) . The results indicate that the synthesis of Cra was also stimulated by polyamines at the translational level due to the existence of an inefficient initiation codon GUG in cra mRNA. However, the level of RpoF ( 28 ) factor, whose synthesis is controlled by cAMP/CRP or H-NS (see Fig. 6 ), was higher when cells were cultured in the presence of putrescine (Fig. 5C) . Thus, the effect of polyamines on synthesis of H-NS was examined. (Fig. 6B) . However, the hns mRNA in cells cultured with or without 100 µg/ml putrescine was nearly equal ( To determine whether the weak and distant SD sequence is involved in polyamine stimulation of hns mRNA translation, it was replaced by a typical SD sequence 9 nucleotides upstream of the initiation codon AUG (Fig. 6D) , and the translation efficiency of hns-lacZ fusion mRNA was measured. Synthesis of H-NS--gal fusion protein from the original SD-sequence containing mRNA was stimulated 2.0-fold by polyamines, whereas polyamine stimulation was reduced to 0.9-fold after replacement with the consensus SD sequence even though the basal level of protein synthesis in the absence of polyamines was enhanced by 4.3-fold (Fig. 6E) . The results indicate that the synthesis of H-NS was enhanced by polyamines at the level of translation due to the existence of a unique SD-sequence in the hns mRNA.
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Stimulation of H-NS
Our results indicate that rpoN, cra and hns genes are new members of polyamine modulon. Including these three genes, a total of nine genes (oppA, rpoS, cya, fecI, fis, rpoN, cra, hns and prfB) have now been identified as members of the polyamine modulon. 
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DISCUSSION
In this study, we tried to find new members of the polyamine modulon using E. coli cells cultured in the presence of both glucose and glutamate instead ) and also ribosomal protein synthesis (10). In fact, we found that the expression of mRNAs encoding flagellin and ribosomal proteins was enhanced by polyamines (see Table 1 ). Since polyamines function at the level of translation (15), it is noted that polyamines stimulate the synthesis of Fis, which enhances ribosomal RNA synthesis (38), and also H-NS, which enhances the synthesis of ribosomal protein mRNA in addition to the synthesis of flagellin The 97 kinds of up-regulated genes and the 26 kinds of down-regulated genes more than 2-fold by polyamines in the presence of 0.1% glucose and 0.02% glutamate were shown in the table. Bold letters represent genes regulated more than 2-fold by polyamines in both culture conditions (0.1% glucose and 0.02% glutamate, and 0.4% glucose). Underlined letters represent genes regulated more than 1. 
A C C E P T E D
